Figure 1: Two representative models that users can interactively manipulate within our deformation system. (a) (column 1:) A desk lamp connected by revolute joints, and its color-coded components. The lampshade is manipulated with the same handle trajectory for three cases: (column 2:) joint-unaware deformation has difficulty facing the lampshade backward because of immovable joints, and links are bended unnaturally(131 cells). (column 3:) joint-aware deformation with fully rigid links(6 cells). (column 4:) joint-aware deformation with two deformable links in the middle(76 cells). (b) An Aibo-like robot dog with a soft tail, a soft body, and two soft ears interactively posed to walk and stand up.
Introduction

23
Traditional space deformation algorithms largely assume that an 24 embedded object should be treated as a single component [Gain and formation system that models and respects these joint constraints.
43
The benefits of such an approach are two-fold. First, the defor- gorithm, originally designed to segment kinematic surfaces of 3D 74 scanned shapes [Gelfand and Guibas 2004] 
Elastic strain energy:
This term measures the local variation of transformations, i.e., differences of neighboring cells' motions [Botsch et al. 2007 ]. It emulates the ability of elastic materials to resist bending and stretching. 
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Position Constraints: Deformation handles allow for direct user manipulations and are therefore commonly considered to be intuitive to use. We support deformation handles by constraining the distance between the actual and desired handle positions:
where v i is the position of the selected vertex on the model at the 
Joint Constraint Errors
400
There are two common ways to represent joint constraints in kine- as follows: k1 on the X axis. Minimizing E RJ1 and E RJ2 maintains the invariance of the projected and axial distance, and a zero E RJ3 enforces a static rotation axis under rotations. The error term of a revolute joint is given by the sum of the above three terms: 
Cylinder Joint: A cylinder joint has one more translational degree of freedom than a revolute joint. Hence we should allow a changeable projected distance during manipulation of the components. We simply remove the projected distance term E RJ1 from Equation 4, resulting in the following error for cylinder joints:
Prismatic Joint: Prismatic joints are widely used in mechanisms the geometric invariants as follows:
where T m k1 and T n k2 are cell transformations from components k1 and k2 respectively that are constrained by the prismatic joint. The total error term for prismatic joints is thus a sum of the above two terms:
In a similar fashion to revolute joints, we denote d 
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Plane Joint: Plane joints are used to enforce planar contacts between two components. Their geometric invariant is the distance between a cell vertex and the sliding plane. The error function is simply:
Ball Joint: Ball-and-socket joints have three rotational degrees of freedom and are common in biological systems, such as the hip and shoulder joints of modelled human characters. When two components are connected by a ball-and-socket joint {Ball, c, {X, Y, Z}}, they both attach to the center c. Consequently, transformations of each component should keep the anchor point c together. Therefore the error term to impose ball-and-socket joints is: 
Non-linear Optimization
454
Our shape deformation solves the following unconstrained nonlinear optimization problem:
Here, x is the aggregation of all cell transformations T m k , k = values of these weights, however; any large value is sufficient.
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Numerical Solution: We implement an iterative Gauss-Newton method for the above nonlinear least squares problem [Nocedal and Wright 1999; Madsen et al. 2004; Sumner et al. 2007 ]. At each iteration t, the algorithm solves a linearized subproblem, and computes an updating vector d t to improve the current solution x t :
where J t is the Jacobian of f(x).
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The analytic Jacobian J t is sparse, and its non-zero structure re- chains. We use the damped pseudo-inverse to achieve singularity 478 robust IK solutions [Chiaverini et al. 1994 ]. This effectively elim- 5 Results
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We demonstrate the capability of the proposed deformation frame- (a)
(f) 
